1 4 1 (TW). Finally, the leaf was oven dried at 80°C for 48 h before measuring the dry weight 1 4 2 (DW). RWC was calculated by using the formula: The Netherlands) operating at 80 kV. Analysis of variance (ANOVA) was applied to test the effect of Na + and P supply in A. At the end of the experiment, P concentration doubled in +P leaves, but did not decrease 2 8 0 significantly in -P leaves, as compared to control (Table 1 ). In leaves of +Na plants, 2 8 1 sodium (Na + ) was two orders of magnitude higher than in control. When Na + and P were 2 8 2 both provided in excess (+NaP), an increase of Na + and a slightly reduced accumulation of 2 8 3 P, in comparison to leaves of +Na and +P plants, respectively, was observed. Excess supply of Na + reduced culm length, number of leaves, leaf RWC, and leaf carbon 2 8 5 content with respect to control (Table 1) . P starvation reduced culm height, leaf number 2 8 6 and nitrogen concentration, while P excess did not significantly affect any of the 2 8 7 investigated parameters. However, in +NaP plants, culm length, number of leaves, leaf 2 8 8 RWC and carbon content decreased to the same extent as in the +Na plants, with respect 2 8 9 to control (Table 1) .
9 0
Photosynthesis of A. donax decreased in -P, whereas it was similar to control in +P plants 2 9 1 (Table 2) . Photosynthesis was inhibited in +Na plants with respect to control, and the 2 9 2 effect was even stronger in +NaP plants. In both +Na and +NaP plants, photosynthesis 2 9 3 reduction was associated to reduced gs, Ci, and ETR, compared to control (Table 2) . Isoprene emission from A. donax leaves was not affected by lack of P but was inhibited in 2 9 5 +P plants, in comparison to control (Table 2) . Isoprene emission was slight, but non 2 9 6 statistically significant, stimulated by the +Na and +NaP treatments. (Table 2) . Exposure to high P concentration induced differences in the expression of a higher 3 0 0 number of genes in A. donax leaves with respect to P starvation ( Fig. 1 , Table 3 ). The 3 0 1 excess supply of P caused the differential expression of a similar number of up-and down-3 0 2 regulated genes, while the -P treatment mainly induced gene down-regulation. High 3 0 3 concentration of Na + had a higher impact on the total amount of DEGs ( Fig. 1 , Table 3 ), 3 0 4 resulting in a higher extent of down-regulated genes with respect to high P treatment (Fig.   3  0  5 2). However, the number of DEGs increased 10-fold in +NaP treated plants ( Fig. 1 , Table   3  0  6 3) indicating, at molecular level, a higher response of A. donax to the combined (Na + and 3 0 7 P) than to the singularly applied treatments (Fig. 1, Fig. 2 , Table 3 ). The complete list of 3 0 8
DEGs is reported in Table S3 . In order to functionally inspect the overall DEGs and identify the major biological 3 1 0 processes affected by the different supply of P and Na + , the transcriptome of A. donax 3 1 1 leaves was annotated by mean of Gene Ontology (GO). More than half of the transcripts 3 1 2 were annotated to at least one GO term ( Fig. S1 ) and the first ten top-hit species found over-represented functional categories is shown in Table S4 . and non-structural carbohydrates was reduced compared to control ( invertases and a sucrose-phosphate synthase, involved in starch and sucrose metabolism 3 3 5 pathway, were down-regulated in both treatments (Table S5 ). On the opposite, in +Na increased the sucrose content and enhanced two-fold the contents of glucose, fructose, 3 3 8 non-structural carbohydrates and starch, compared to control (Table 4 ). Moreover, In +Na and +NaP leaves, leaf ABA content increased two-fold with respect to control ( Fig.   3 4 2 3C). In these same leaves, molecular analysis showed a down-regulation of the gene 3 4 3 coding for the ABA 8-hydroxylase 3, a key enzyme in ABA catabolism (Table S3 ).
4 4
However, three ABA stress-ripening coding genes, involved in response to abiotic stress, 3 4 5 were induced in +NaP plants (Table S3 ).
4 6
Hydrogen peroxide (H 2 O 2 ) and glutathione (GSH) highly accumulated in +NaP plants with respect to all the other treatments ( Fig. 3A, B ). Consistent with these observations, genes 3 4 8 involved in the glutathione metabolism were more up-regulated in +NaP leaves than in +P 3 4 9 leaves ( Fig. S3E, Fig. S3F ). The content of flavonoids was significantly enhanced in +NaP leaves, while the other 3 5 1 treatments caused only a moderate increase of these secondary metabolites, with respect 3 5 2 to control (Fig. 3) . The pathway of flavonoids biosynthesis was significantly perturbed in with respect to control ( Fig. S3C, Fig. S3D ).
5 6
Zeaxanthin and β -carotene were enhanced in +Na leaves with respect to control, whereas (Table S3 ). The ultrastructure of A. donax control leaves highlighted a peripheral location of 3 6 5 organelles, and a large vacuole in the center of the cells (Fig. 4 ). Cytoplasmic organelles 3 6 6 (nucleus, mitochondria, vacuole, endoplasmic reticula, Golgi apparatus) showed typical 3 6 7 structure and distribution, and chloroplasts had distinct granal and stromal thylakoid In +P plants, chloroplasts displayed very little or no starch grains ( Fig. 4C ), confirming the 3 7 1 decrease of starch also reported in Table 3 . These cells showed more and bigger 3 7 2 plastoglobules than those of control plants (Fig. 4C ). In addition, the envelope membrane Chloroplasts of -P leaves were characterized by an extensive system of grana and stroma 3 7 9 lamellae (also reported by Hall et al., 1972) , filling the stroma, that also contained a 3 8 0 moderate number of plastoglobules (Fig. 4E ). The nucleus of -P cells showed poorly cells that were still visible showed a wavy outline (indicated by the white arrow in Fig. 5B ), 3 9 0 significant loss of clear stromal matrix, with swelling and curling thylakoids, and an 3 9 1 increased number of plastoglobules (Fig. 5A, 5B ). In addition, many peroxisomes with 3 9 2 scarce electron dense deposits of CeCl 3 were observed (data not shown). plastoglobules and very large starch granules (Fig. 5D ), matching the reported increase of 3 9 5 starch ( Table 3) and carotenoid (i.e., zeaxanthin) content of these leaves ( Fig. 2E ). Large 3 9 6 lipid bodies were also present in the cytoplasm of these cells, and CeCl 3 deposits were 3 9 7 observed in chloroplasts, peroxisomes and mitochondria (Figs. 5E; 5F). into the vacuoles (Mimura et al., 1990) . However, excess of P strongly decreased starch 4 0 9 accumulation in leaves (Table 4) , as confirmed by histological observations (Fig. 4C, D) .
Our transcriptomics results indicate that the inhibition of starch metabolism in A. donax 4 1 1 exposed to +P was mainly due to the transcriptional repression of the ADP-glucose 4 1 2 pyrophosphorylase, rather than by enhanced translocation of triosophosphates, that 4 1 3 reduces the availability of these substrates for starch synthesis in the chloroplasts 4 1 4 (Pozueta-Romero et al., 1991; Heldt et al., 1991) . Moreover, in +P plants there was a 4 1 5 strong induction of few transcripts coding for cytosolic fructose-1,6-bisphosphatase an 4 1 6 enzyme that, by catalyzing the first irreversible reaction that turn fructose-1,6-bisphosphate limiting isoprene biosynthesis (Loreto et al., 2007) . In particular, phosphoenolpyruvate 4 2 5 (PEP) is a substrate for both isoprene biosynthesis and mitochondrial respiration. Mitochondrial respiration was likely stimulated in plants grown at high P concentration 4 2 7 (Fares et al. 2008) . Indeed, we observed an increased transcription of genes involved in 4 2 8 energy requiring processes of protein production and export (Fig. S3 ). Therefore, our 4 2 9 results seem to indicate that incorporation of P into PEP, principally serving the respiratory 4 3 0 metabolism, made it less available for isoprene production. Sensitivity to low P availability may affect the capacity of A. donax to colonize new habitats 4 3 8 (Wassen et al., 2005) , and limits A. donax use for biomass production in poorly fertile soils. across plant species (Delfine et al., 1999; Centritto et al., 2003) . Stomata closure was suggests the onset of coordinated photochemical processes to inhibit the accumulation of 4 5 0 reactive oxygen species (ROS). Salinity stress also stimulated the biosynthesis of sucrose 4 5 1 in A. donax leaves (Table 4) , as also confirmed by the significant over-representation of 4 5 2 GO categories related to 'carbohydrate metabolic process' (Table S4 ). Beside exerting a 4 5 3 signaling role (Park et al., 2016) , sucrose was likely able to balance the drop in osmotic 4 5 4 potential as leaf RWC decreases during progressive exposure to salinity stress (Table 1) . tolerates salinity through mechanisms that may prevent ROS formation despite 4 6 0 accumulation of Na + in the leaves (Mumm and Tester, 2008) . Brilli et al., 2007; Fortunati et al., 2008) . Overall, the simultaneous increases in the protection against stressful condition (Loreto et al., 2014; Marino et al., 2017) . An additive effect of simultaneous supply of high Na+ and P concentrations was clearly Na + and P stress. Among them, NAC was strongly induced in +Na, +P and +NaP, whereas family are known to mediate water-(Hadiarto and Tran, 2011) and Na + -stress responses, 4 7 7 as well as ABA signaling pathway in plants (Jiang et al., 2017) . Genes coding for stress- representation of many GO categories related to 'cellular metabolic process' in +NaP 4 8 5 plants (Table S4 ). Photosynthesis could have been limited by altered sugar metabolism, starch grains in the chloroplasts (Fig. 5D, E, F) . Our results show that increase of starch carbohydrates accumulation (Sharkey, 1990; Xu et al., 2015) did not occur. The substance metabolic process' in +NaP plants (Table S4 ). Carbohydrate accumulation may 4 9 9 also help prevent damage to the cell structures (Yang and Guo, 2017) . Indeed, the +NaP 5 0 0 treatment induced a SNF1-related protein kinase coding gene (SnRK2), which was also 5 0 1 found to be responsive to both ionic and non-ionic osmotic stressful conditions (Fu et al., 5 0 2 2016; Virlouvet and Fromm, 2015) . Genes coding for dehydrins (DHNs) proteins, which 5 0 3 play cellular protection in abiotic stress tolerance (Gao and Lan, 2016; Verma et al., 2017) ,
were also up-regulated in leaves of +NaP plants. Remarkably we also observed that, while Interaction between high concentrations of Na + and P did not significantly affect isoprene 5 1 0 emission, which was once again uncoupled from photosynthesis in stressed leaves (Brilli al., 2007; Vickers et al., 2009; Marino et al., 2017) . The small reduction of isoprene 5 1 2 emission with respect to +P leaves could be associated to the very large negative effect of MEP pathway towards hormones controlling stomata movement and away from 5 1 8 antioxidants such as isoprene and carotenoids. Moreover, competition with starch for PEP 5 1 9 could also limit isoprene synthesis in +NaP as well as in +P leaves (see above). However, 5 2 0 starch was not a limiting factor in +NaP leaves as it was in +P leaves. The accumulation of 5 2 1 carbohydrates in +NaP leaves was also highlighted by the over-expression of GO 5 2 2 categories related to 'organic substance metabolic process' (Table S4 ), suggesting that a 5 2 3 glucose 6-phosphate shunt might have been activated to increase the availability of In +NaP leaves, a significant increase of both H 2 O 2 and glutathione (GSH) contents was 5 2 7 observed, and further confirmed in our transcriptome analysis by over-representation of 5 2 8 GO categories 'cellular metabolic process' and 'organic substance metabolic process' 5 2 9 (Table S4) compound to exert signaling functions (Mittler, 2002; Baxter et al., 2014) that may further 5 3 6 enhance stress response (Knight and Knight, 2001) . However, this was clearly insufficient 5 3 7 to protect photosynthesis in +NaP leaves. We showed that A. donax can be cultivated in marginal soils affected by eutrophication 5 4 1 (under high P supply), where it can exert positive functions (e.g. for phytoremediation) 5 4 2 despite allocating less carbon to defensive secondary metabolites (isoprene). Moreover, 5 4 3 our results highlight that A. donax is sensitive to P deficiency and to Na + excess, and this 5 4 4 sensitivity is further enhanced by the combination of high Na + and high P. However, the 5 4 5 supply of high P concentrations further stimulates, at molecular and biochemical level, 5 4 6 responses that favour stress tolerance in salt-stressed A. donax. Therefore, although the 5 4 7 productivity of A. donax may be largely impaired, the plant adapts and survives in 5 4 8 unfavourable soils rich in both P and Na + . The study was funded by research project "CROPSTRESS -System performance of non-5 5 2 food crops to drought stress: development of a plant ideotype", by the SIR2014 program of Table 1 . Plant biometrical traits (culm length and leaf number), relative water content (RWC), carbon, nitrogen (N), sodium (Na) and phosphorous (P) contents in leaves of Arundo donax plants in control conditions (C), without phosphorous supply (-P), with excess supply of phosphorous (+P) or sodium chloride (+Na), and with excess supply of both phosphorous and sodium chloride (+NaP). Data are means of 4 plants per treatment ± SE; different letters indicate statistical difference at P < 0.05 in the same column. 
